In metallurgy it is needed to master the shape or the motion of the liquid metal free surface. The present paper reviews some effects of a magnetic field on the behaviour of liquid metal free surfaces. First, the various effects associated with A.C. fields are presented, static dome shaping, dome oscillation, instability, emulsion. Then, the case of a DC magnetic field is presented. Such field is generally stabilising. Nevertheless, in particular case, its application may promote low frequency oscillations. Finally, the effects of magnetic field exhibiting more than one frequency are presented. All these cases are illustrated by photographies produced in the EPM-Madylam laboratory.
Introduction
When a liquid metal is submitted to a magnetic field, electromagnetic forces, called Lorentz or Laplace forces, can be created in the metal due to the interaction between the induced electric currents and the applied magnetic field. Those electric currents can be generated by three types of mechanisms: (i) application of an external voltage by the use of electrodes, (ii) time variation of the applied magnetic field, (iii) or by the motion of the liquid across the magnetic field lines. When the magnetic field is pulsating and according to its frequency f (which vanishes in the case of DC magnetic field), the electromagnetic forces generate various effects both on the bulk motion and at the free surface of the liquid metal. 1, 2) DC magnetic fields generally exert a damping effect both on the bulk flow and on the free surface instabilities. However, that effect is not isotropic and depends on the orientation of the magnetic field with respect to the velocity. 2) In the present paper, we shall focus on some significant features of the behaviour of free surfaces submitted to electromagnetic fields, pointing out new or unexpected results.
Static Deformation in AC Magnetic Fields
When the electric current is alternating, the electromagnetic forces comprise both a mean steady part and an alternating one. In the middle frequency range because of the fluid inertia, the alternating part of the electromagnetic forces has no significant effect on the liquid metal free surface provided that the magnetic field frequency is much larger than the free surface natural frequencies. However, the mean part of the electromagnetic forces is responsible for various phenomena. It generates a significant bulk fluid flow. [1] [2] [3] [4] [5] Furthermore, the mean Lorentz forces lead to free surface static deformations thanks to the well-known repulsion effect. The electromagnetic forces are able to levitate totally or partially a liquid metal blob located in a coil. 6) In classical single-phase induction furnaces, the dome formation has been widely shown both experimentally and numerically. 7) Its typical height h m evolves as the square of the applied magnetic field according to the following relation: m, r, g and B 0 being respectively the permeability of the vacuum, the liquid metal density, the gravity and the typical magnetic field strength.
Figure 1(a) shows a typical dome-shaped free surface obtained in a cold crucible induction furnace. 8) However, the dome shape may not always remain axisymmetric even in axisymmetric configurations, especially for large magnetic field amplitude. For example, for shallow liquid metal pools other types of static deformation may be obtained. 9) Highly non-symmetric steady shapes may be observed when the magnetic field amplitude increases. Figure 1(b) illustrates such phenomenon on a gallium layer in a 10 kHz-AC magnetic field. In such a particular geometry, the force balance is such that both the path of the induced electric current as well as the interface area between the liquid metal and the surrounding atmosphere tend to increase.
Free Surface Motion under AC Magnetic Field
The free surface behaviour (shape, oscillations, instabilities) varies with the value of the magnetic field amplitude and the applied frequency. The magnetic field strength is involved through the non-dimensional interaction parameter N such that Various types of phenomena may be observed according the values of those two parameters.
Low Frequency Single-phase Magnetic Field
It has been shown that very low frequency AC magnetic fields could generate motions at the free surface of a liquid metal when the natural frequencies of the interface are of the same order as the magnetic field frequency. 10, 12) Moreover if the screen parameter is weak (in practice R w Յ1), the oscillating part of the electromagnetic forces is dominant and is responsible for two types of actions. 13) Firstly, it generates forced standing free surface waves on the free surface. Such waves have the same degree of symmetry as that of the force. For example, in an axisymmetric geometry, the wave pattern is axisymmetric as well. Such types of forced waves are illustrated in Fig. 2 . The second effect appears for higher amplitude magnetic fields, the interaction parameter N being of the order of one. The free surface becomes unstable and non-symmetric waves appear on the free surface. Such instabilities, which are illustrated in Fig.  3 , mainly come from "parametric" resonance effects due to the alternating part of the Lorentz forces. 13) Note that, now, contrarily to the forced wave case, the free surface oscillates at the applied magnetic field frequency. For large magnetic field values, the free surface becomes highly agitated and liquid metal ejection may be observed ( Fig. 3(a) ).
Coupling of electromagnetic free surface oscillations with gas stirring may also be achieved. It is observed that the presence of the magnetic field widens the gas plume coming from the nozzle, although the electromagnetic interface deformations are mainly localised near the pool side. Such an experiment is illustrated in Fig. 4. 14) Large gas bubbles are formed beneath the mercury-water interface. Then they cross the interface by entraining a thin mercury layer which breaks up in the water producing small mercury droplets.
It must be emphasised that the pool aspect ratio is an important parameter in the present case too. For example, let us consider a flat liquid metal drop on a substrate located in a low-frequency vertical AC magnetic field. A strongenough magnetic field intensity may trigger free surface instabilities, 11) which consist mainly of horizontal motions ( Fig. 5) . For large magnetic field amplitude, this motion may become highly turbulent (Fig. 5(b) ) and even leads to the formation of an emulsion as illustrated in Fig. 5(c) .
Middle and High Frequency Magnetic Field
However, free surface instabilities may also exist even if the magnetic field frequency is not very low. This has been shown analytically in the case of a liquid metal semi-infinite pool submitted to a parallel single-frequency AC magnetic field. 15, 16) Increasing the frequency suppresses the instability of surface waves perpendicular to the applied magnetic field; however, increasing the magnetic field strength may enhance it. 16 ) That effect is illustrated in Fig. 6 . It may be seen from Fig. 6 that the higher the magnetic strength, the easier the ability of the surface of the pool to be destabilised. Thus, when a medium-frequency magnetic field is used, for example to shape a liquid metal free surface or to levitate the liquid blob, the free surface may be subject to electromagnetic instabilities according to the frequency. This was for example, observed in cold crucible configurations for quasi-levitation. 8) This is illustrated by Fig. 7 where the shape of the free surface looks like daisy flower petals. 17) Note that the free surface is strongly unsteady, and the petals are rapidly moving. ; the various pictures show the regime according to both the magnetic field amplitude and the applied frequency, the typical drop diameter is 60 mm, (a) mercury drop f ϭ2.10 Hz, (b) mercury drop f ϭ10 Hz, (c) gallium drop f ϭ6.2 Hz.
Two-frequency Magnetic Field
In some metallurgical refining processes, it may be interesting to generate free surface oscillations to enhance mass transfers. In continuous casting for example, free surface oscillations may replace mould vibrations, which are usually devoted to improve the quality of the cast metals by reducing the oscillation marks. 18, 19) Single-frequency devices might be used, but multi-frequency magnetic fields are preferred, since they may simultaneously achieve a free surface control of the meniscus as well as a bulk stirring. The electric current comprises two frequencies, namely: ( i ) a very low frequency f 1 to generate resonant free surface oscillations, (ii) a middle frequency f 2 (generally f 2 Ͼ Ͼf 1 ) to heat, to shape and to stir the liquid bulk. The amplitude of the middle frequency electric current is modulated by a periodic modulation function m(t) whose frequency f 1 is much lower than f 2 . It is easy to show that the electromagnetic forces are also modulated, and we may write According to the shape of the modulation function m(t), it may possible to weight the various effects. The function m 2 (t) may be split into a time average part and an oscillating part. The time-average part of m 2 (t) controls the bulk stirring, whereas the r.m.s.-value of the oscillating part will act on the amplitude of the surface motion. It is also noteworthy to observe from Eq. (4) that the modulation of the forces actually contains two frequencies, namely f 1 and 2 f 1 . Note that all the other quantities, i.e., the Joule power dissipated in the bath, are modulated in the same way. Thus, the time average of those quantities is lower than in the single frequency case, and we may expect a slight overall decrease of the efficiency of the other functions. Figure 8 comes from measurements performed on gallium by means of a contact probe. 20) Note that the height of the peak can be as high as the radius of the pool even for moderate magnetic field amplitudes.
Selective Damping of Free Surface Agitation by DC Magnetic Fields
It is admitted that a DC magnetic field exerts a stabilising action on free surface waves. 21, 22) This effect is related to the fact that as soon as the motion of the free surface crosses the magnetic field lines, electric currents are induced in the liquid metal. Accordingly, electromagnetic forces are developed in the metal acting against the generating motion.
The free surface of inductively heated liquid metal is often unstable. Those fluctuations often come from the turbulent electromagnetic stirring as well as electromagnetic instabilities as discussed previously. In some metallurgical applications, it is desirable to have a quiet free surface. One way to solve that problem is to properly choose the magnetic field frequency. However, it may be more secure to superimpose a DC magnetic field to the AC component of the initial field. Recent experiments show that the free surface may be efficiently stabilised by the superimposition of a DC magnetic field. 23, 24) That situation may be considered as an asymptotic two-frequency system, for which one of the frequencies is zero.
We want to focus here on a case of importance where this stabilizing effect may be not strong enough to suppress all the fluctuations. 25) Figure 9 illustrates such a phenomenon. The experiments are performed on a 1/3-scale mercury ; maximum growth rate s of the wave perturbations versus the magnetic field pulsation wϭ2p f for three values of the non dimensional magnetic field strength MϭB 0 2 /(2mrgd); instability occurs when the growth rate is positive; instability disappears for the highest frequencies, but increasing the magnetic field strength M widens the unstable region. ; the liquid is a nickel-base alloy; the pool diameter is 60 mm and the electric current frequency is 30 kHz; (a) scheme of the apparatus, (b) top view of the liquid metal pool. model of a steel continuous caster where a horizontal transverse DC magnetic field is applied. In the absence of any magnetic field, the free surface is slightly disturbed, but various ripples are observed. However, in the presence of a DC magnetic field the free surface is quiet everywhere, but exhibits a single travelling wave. Depending on the experimental conditions the amplitude of the wave ranges between 2 and 5 mm and its celerity is 0.5 cm s Ϫ1 . At the front of the wave, the shape of the free surface is strongly disturbed indicating high vorticity. This phenomenon has some similarity with the classical "hydraulic jump" observed in open channel flows. From a Fourier transform of the continuous signal registered by a resistive probe (see for example the right-hand-side of Fig. 9 ), the obtained spectra reveal two main features: -in the absence of magnetic field we observe one main peak at the frequency 1.27 Hz which is the lowest natural frequency of the rectangular tank. -the value of the frequency associated with this peak is lowered by the presence of the magnetic field. On the presented example the value of the main peak is 0.17 Hz. The mechanism of this phenomenon is related on one hand to the bidimensionalisation effect of the magnetic field which concentrates the kinetic energy in the large scale of furnace, 20) the pool radius is 42 mm; the surface mode (0, n) identified by video recording are noted on the corresponding resonance peaks. The typical magnetic field strength is B 0 ϭ7.8 mT, the modulation coefficient a depends on the frequency, for example a ( f 1 ϭ2.5 Hz)ϭ0.43 and a ( f 1 ϭ5 Hz)ϭ0.35. Fig. 9 . Photographs of the free surface of mercury without and with a DC field in a cold model of a steel continuous caster. 25) the flow, on the other hand to the feedback effect of the upper recirculating flow on the flapping frequency of the feeding jets.
Conclusions
The application of AC or DC magnetic fields is an elegant way to fulfil various metallurgical functions, such as heating, bulk and surface stirring, free surface control. However, electromagnetic devices may have some drawbacks due to secondary effects such as bulk turbulence, free surface instabilities. Thanks to the progress of the electric power sources, a new generation of electromagnetic devices is emerging. Those devices use complex electric currents, which are able either to correct some of the drawbacks or to superimpose various functions. Those devices involved multi-frequency electric power sources. The possibility to modulate one frequency with another one offers new expectations and likely new ideas.
